Synaptic contacts formed by the axon of a neuron on its own dendrites are known as autapses. Autaptic contacts occur frequently in cultured neurons and have been considered to be aberrant structures. We examined the regular occurrence, dendritic distribution, and fine structure of autapses established on layer 5 pyramidal neurons in the developing rat neocortex. Whole-cell recordings were made from single neurons and synaptically coupled pairs of pyramidal cells, which were filled with biocytin, morphologically reconstructed, and quantitatively analyzed. Autapses were found in most neurons (in 80% of all cells analyzed; n = 41). On average, 2.3 t 0.9 autapses per neuron were found, located primarily on basal dendrites (64%; 50-70 pm from the soma), to a lesser extent on apical oblique dendrites (31%; 130-200 pm from the soma), and rarely on the main apical dendrite (5%; Frn from the soma). About three times more synaptic than autaptic contacts (ratio 2.411) were formed by a single adjacent synaptically coupled neuron of the same type. The dendritic locations of these synapses were remarkably similar to those of autapses. Electron microscopic examination of serial ultrathin sections confirmed the formation of autapses and synapses, respectively, and showed that both types of contacts were located either on dendritic spines or shafts. The similarities between autapses and synapses suggest that autaptic and synaptic circuits are governed by some common principles of synapse formation.
Synaptic contacts formed by the axon of a neuron on its own dendrites are known as autapses. Autaptic contacts occur frequently in cultured neurons and have been considered to be aberrant structures. We examined the regular occurrence, dendritic distribution, and fine structure of autapses established on layer 5 pyramidal neurons in the developing rat neocortex. Whole-cell recordings were made from single neurons and synaptically coupled pairs of pyramidal cells, which were filled with biocytin, morphologically reconstructed, and quantitatively analyzed. Autapses were found in most neurons (in 80% of all cells analyzed; n = 41). On average, 2.3 t 0.9 autapses per neuron were found, located primarily on basal dendrites (64%; 50-70 pm from the soma), to a lesser extent on apical oblique dendrites (31%; 130-200 pm from the soma), and rarely on the main apical dendrite (5%; Frn from the soma). About three times more synaptic than autaptic contacts (ratio 2.411) were formed by a single adjacent synaptically coupled neuron of the same type. The dendritic locations of these synapses were remarkably similar to those of autapses. Electron microscopic examination of serial ultrathin sections confirmed the formation of autapses and synapses, respectively, and showed that both types of contacts were located either on dendritic spines or shafts. The similarities between autapses and synapses suggest that autaptic and synaptic circuits are governed by some common principles of synapse formation.
Key words: autapses; somatosensory cortex; layer 5 pyramidal neurons; whole-cell patch clamp; biocytin; camera lucida reconstruction Chemical synapses are the predominant structures for the communication between neurons. It has, however, been found that neurons also form synapses with themselves, the so-called autapses, a term originally introduced by Van der Loos and Glaser (1972) . They reported that 6 of 12 pyramidal neurons in the adult rabbit visual cortex, stained by the Golgi method, established l-4 autapses. The existence of autapses has since then been well established in numerous cell types in different brain regions and in a wide range of vertebrate and invertebrate species (Held, 1897; Chan-Palay, 1971; Scheibel and Scheibel, 1971; Shkol'nik-Jarros, 1971; DiFiglia et al., 1976; Karabelas and Purpura, 1980; Preston et al., 1980; Kuffl,er et al., 1987; Shi and Rayport, 1994; Tamas et al., 1995) . Despite these anatomical reports, the physiological significance of autapses has largely been disregarded. This may be attributable, in part, to their abundance under culture conditions, which has led several investigators to consider autapses as aberrant structures (see Furshpan et al., 1976 Furshpan et al., , 1986 Landis, 1976; Bekkers and Stevens, 1991; Segal, 1991 Segal, , 1994 .
In the course of experiments designed to investigate morphological and physiological properties of uni-and bidirectionally coupled layer 5 pyramidal neurons, we found regularly (92% of all --~----~---._-----. ----.--.
-----Recei ved Dee. 22, 1995; revised Feb. 16, 1096; accepted Fch. 23, 1996. This work was supported by the "van Helmholtz- (4-6 Km in diameter 20 pm from the soma center and 2 pm in diameter when traversing layer 2/3) and form an extensive tuft of terminal dendrites in layer 1. The chosen pairs were vertically separated no >50 pm from each other and were up to 80 km below the surface of the slice.
Histological procedures.
After recording, slices containing a single cell or pairs of neurons were hxed in cold 100 mM phosphate buffer (PB; pH 7.4) containing 1% paraformaldehyde and 1% glutaraldehyde. Twelve to 24 hr after fixation, slices were rinsed several times for 10 min each in 100 Figure 1A and as a camera lucida reconstruction in Figure 2 . The somata of the thick-tufted layer 5 pyramidal neurons were found mainly in the middle-to-upper part of layer 5. The main apical dendrites of the neuron project toward layer 1, giving rise to 8-15 apical oblique dendrites, primarily within layers 4 and 5. The main apical dendrite passes through layer 2/3 and then divides to form an extensive terminal tuft in layer 1 (mean tuft span, 268.3 ? 68.3 pm; YI = 15). A few neurons (5 of 15) show a bifurcation of the main apical dendrite at the border of layers 4 and 2/3, respectively (Figs. 1 A, 2). Dendrites that ascend further give rise to a terminal tuft in layer 2/3 (Figs. lA, 2) . The main axon emerges either directly from the soma or from one of the primary basa1 dendrites and gives rise to several long horizontal collaterals (4-9 2 1.7), mainly in layers 5 and 6. Some of these axon collaterals could be followed for up to 2.5 mm from the soma. The total arbor of horizontal axonal collaterals extended -600-700 pm on each side of the soma with several ascending and descending higher-order branches (Fig. 2) . Vertical axon collaterals (5.3 ? 0.9) ascended on both sides of the main apical dendrite. Some of those could be followed terminating in layer 1 (Fig. 2) . A total of 90 synaptically coupled and biocytin-filled neurons (45 pairs) were also processed for light microscopy and electron microscopy. The light microscopic analysis revealed that recordings were obtained only from pairs of neurons that resembled those described above. A representative example of a biocytinfilled, unidirectionally coupled pair of neurons is shown in Figure  3A at low magnification.
Quantitative analysis of autaptic contacts established by the axons of a single-labeled layer 5 pyramidal neuron Al1 neurons (n = 15) were analyzed and potential autaptic contacts (n = 27) were photographed (Fig. B-D) and marked on the camera lucida drawings as shown in Figure 2 . The results of the quantitative analysis are summarized in Table 1 . Putative autapses were observed in 10 of I5 pyramidal neurons (66.7%). Autapses May 15, 1996, 16(10) were found exclusively on dendrites, with an average of 2-3 majority of autapses were more frequently located on the secondautapscs per neuron (mean 2.6 t 0.5; range l-4). Their location ary and tertiary basal dendrites (74%), to a lesser extent on on the dendritic tree varied from neuron to neuron; howcvcr, the primary and secondary apical oblique dendrites (26%), but none Number of synaptic and autaptic contacts of uni-and bidirectionally coupled neurons is given for 13 cell pairs (mean 5 SD). The number of autapses found on single-labeled neurons is added for comparison. on the main apical dendrite (Table 1 , see also Fig. 5A ). Autapses established on basal dendrites were located within 100 pm from the soma and even autapses found on the apical oblique dendrites were situated relatively close to the soma (Table 1) Most autaptic contacts were established by second-and third-order axon collaterals.
Quantitative light microscopic analysis of synaptic and autaptic contacts established by coupled layer 5 pyramidal neurons Quantitative analysis of the number and dendritic distribution of synaptic (n = 106) and autaptic (n = 42) contacts was performed on 13 pairs of neurons (7 uni-and 6 bidirectionally coupled neurons). The neurons were reconstructed with the aid of a camera lucida, and potential synaptic and autaptic contacts were photographed (Fig. 38,C) and marked on camera lucida drawings as shown in Figure 4 . The results of the quantitative analysis are summarized in Tables 2 and 3 . Potential autapses were observed in 24 out of a total of 26 pyramidal neurons (92.3%) that were also synaptically coupled with a neighboring neuron. A total number of 148 potential contacts were found in the synaptically coupled 26 neurons. Of these potential contacts, 106 (72%) were synaptic contacts formed on the coupled neurons, and 42 (28%) turned out to be autaptic contacts formed on the dendrites (ratio of synapses: autapses 2,4:1). For a single neuron, the number of synaptic contacts was 5.6 ? 1.1 (range 2-8), and the number of autaptic contacts was 2.1 -t-1.0 (range O-4; see Table 2 ) and thus slightly lower when compared with autapses found on single-labeled neurons (see also Table 2 ).
Autapses were found exclusively on dendrites. Most autapses were located within 100 c,I;x1[1 from the soma, but a few were located nearly 500 pm away from the cell body (Table 3) . Their location on the dendritic tree was also variable, but most autapses were located on the basal dendrites (60%), to a lesser extent on apical oblique dendrites (33%), and rarely on the main apical shaft (7% ;  Table 3 ). Furthermore, of the autapses located on basal dendrites, nearly 90% were found on secondary and tertiary branches. In general, most autaptic contacts were established by second-and third-order dendrites, which is in line with the results found for single pyramidal neurons.
The dendritic locations of putative synapses and autapses were remarkably similar (Tables 3, 3) . The results are summarized in Figure 5 . Both synaptic and autaptic contacts show two peaks in the distribution of their locations. One peak at the basal dendrites and a smaller peak at the apical oblique dendrites with a high tendency for autapses (Fig-5A) and synapses (Fig. 5B) to form on secondary and tertiary basal dendrites.
Electron microscopic analysis of synaptic and autaptic contacts established by layer 5 pyramidal neurons Light microscopic analysis can only reveal potential synaptic and autaptic contact sites. Serial electron microscopic (EM) analysis was used to confirm the putative synaptic and autaptic contacts and to obtain an approximation of the accuracy of the light microscopic assessment of potential contacts. In one cell pair, all four putative autaptic contacts (as marked in Fig. 4 by awows) could be confirmed at the EM level. Two of these contacts are shown in Figure 6 . In another pair of coupled neurons, a total of 14 potential synaptic and 4 autaptic contacts were seen at the light microscopic level. Of these putative contacts, 11 synapses and 2 autapses could be confirmed with the electron microscope. The remaining putative contacts did not fulfill our criteria of synaptic junctions, such as vesicle accumulation in the presynaptic bouton, . Schematic diagram summarizing the distribution of autaptic and synaptic contacts at different dendritic locations. A, The distribution of autaptic contacts established by single and uni-and bidirectionally coupled layer 5 pyramidal neurons is given for 69 autapses. B, For comparison, the distribution of synaptic contacts established by uni-and bidirectionally coupled neurons is given for 106 synaptic contacts. Note the similar distribution of autaptic and synaptic contacts with two prominent peaks for the basal and apical oblique dendrites. BDl"-BD4", Basal dendrites of increasing order; AD, apical dendrite; ODP-OD3", oblique dendrites of increasing order; ZT, terminal tuft. identifiable membrane specializations, and the presence of electron-dense material in the synaptic cleft. Of the six autapses identified at the EM level, four turned out to be axodendritic contacts (Fig. 6 ) and two were axospinous contacts.
DISCUSSION
The frequency and dendritic distribution of synaptic and autaptic contacts established by layer 5 pyramidal neurons was investigated in single-labeled as well as uni-and bidirectionally coupled, biocytin-filled neurons of the developing rat neocortex. Nearly 80% of the neurons established autapses that were located exclusively on dendrites. These autapses tended to form at specific dendritic locations, in particular on secondary and tertiary branches of basal dendrites and, to a lesser extent, on apical oblique dendrites. We have shown that the distribution pattern of autapses is remarkably similar to that of synapses onto adjacent layer 5 pyramidal neurons of the same type (compare Fig. 5,A and B) . This suggests that the formation of autapses and synapses of layer 5 pyramidal neurons is governed by some common principles.
The present approach of using the IR-DIC-guided identifica- examination of a specific autaptic and synaptic pathway within a homogeneous group of neurons. A limitation of this approach, however, is that recordings from neurons near the surface of the slice may result in an underestimation in the number of contacts. tion of single and coupled pairs of neurons enabled a systematic On the other hand, it is unlikely that the number of light micro-scopically identified autaptic and synaptic contacts is significantly overestimated, because almost all contacts subjected to EM analysis could be confirmed at the electron microscopic level. Furthermore, it is possible that small synaptic and autaptic contacts masked by thick dendrites are not included in the sample because only light microscopically visible contacts were counted. Based on these considerations, the overall error is likely to be an underestimation of the number of autapses and synapses,
The present study extends previous reports describing the existence of autapses in various brain regions and species (Held, 1897; Chan-Palay, 1971; Scheibel and Scheibel, 1971; Shkol'nikJarros, 1971; DiFiglia et al., 1976; Karabelas and Purpura, 1980; Preston et al., 1980; KufIler et al., 1987; Shi and Rayport, 1994; Tamas et al., 1995) by showing that there is a high frequency of autaptic contacts in pyramidal neurons of the neocortex, which suggests that these autapses are a common feature of neurons.
A high frequency of occurrence and high numbers of autapses have been primarily reported in cultures, for example, in cultures of chicken spinal ganglion cells (Crain, 1971) , sympathetic ganglion cells cocultured with myocytes (Furshpan et al., 1976 (Furshpan et al., , 1986 , and cultured hippocampal neurons (Landis, 1976; Bekkers and Stevens, 1991; Segal, 1991 Segal, , 1994 . In culture, neurons grow under artificial conditions, and the frequent occurrence of autapses has been regarded as an artifact. However, a high number of autapses has also been reported for substantia nigra neurons (Karabelas and Purpura, 1980) and for somata and dendrites of basket cells in slices of cat visual cortex (Tamas et al., 1995) . Therefore, autapses may be a more common feature of neurons than previously thought.
Whether autapses serve any function is still unclear. We have performed experiments on single layer 5 pyramidal neurons in an attempt to reveal the autaptic EPSPs. In these experiments, voltage traces of single action potentials (APs) initiated with short current pulses (700 psec) were subtracted from voltage traces after application of the AMPA receptor blocker, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). The membrane time constant of the neuron, however, increased in the presence of CNQX, probably because background synaptic activity was removed, which prevented the dectection of EPSPs by subtraction (an inhibitory postsynaptic potential-like event was revealed). It therefore seems unlikely that the autaptic event can be isolated in the brain-slice preparation from the dominating AP. Indeed, from estimates of AP propagation time in the axon, the synaptic delay, and the velocity of AP backpropagation in the dendrite to the synapse, it seems likely that the autaptic event would occur -100 psec after the onset of the backpropagating AP at the autaptic site.
It has, however, been suggested that autapses enable "selfexcitation" and "self-sensing" of neurons (Held, 1897) . This hypothesis was extended by Glaser and van der Loos (1972) , who assumed that autapses might be the substrate of a gating mechanism such that the neuron's output can control its input. Autapses have also been implicated in mediating part of the depolarization or hyperpolarization after action potentials, and therefore have been considered as a potential means of regulating excitability (Bekkers and Stevens, 1991; Segal, 1991; Shi and Rayport, 1994; Tamas et al., 1995) , However, even with a much higher number of inhibitory autaptic contacts formed by a basket cell axon (on average, 6 autapses per neuron), no physiological evidence for a functional role could be presented by Tamas et al. (1995) .
To understand the functional significance of autapses within a given pathway, it is first necessary to establish their frequency, number, and precise dendritic locations. Previous studies have not provided these details. To further investigate their functional significance, it is necessary to establish the physiological properties of autapses as well as the potential importance of their preferential location on certain dendritic segments. If one assumes that autapses are of functional significance and have functional properties similar to synapses, then the mean voltage contribution of these autapses would be ~500 PV. Although this voltage contribution is not likely to affect the membrane potential voltage of the neuron at the soma, especially not during afterhyperpolarization, the possibility that autapses contribute more significantly to local dendritic voltage changes cannot be excluded. Finally, an increase in autapses in pathological conditions may lead to hyperexcitability within a given neuronal circuit. Thus, an increased number of recurrent, supragranular mossy fiber collaterals innervating their cells of origin, the dentate granule cells (Frotscher and Zimmer, 1983) , has been found in hippocampal tissue exhibiting abnormal functional activity (Sutula et al., 1988 
